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Abstract 
Weak rural feeders experience large line power losses due to additional current flow (needed 
to transfer reactive power to all loads along the line and to compensate for the subsequent 
reactive power losses), and the source impedance of the line. This can result in lower variable 
voltages, sometimes resulting in line outages and/or interruptions.  
These conditions introduce significant integration challenges for embedded generation 
sources, such as a wind turbine generator (WTG). As such, care must be taken to select the 
most suitable wind generation technology and configuration and reactive power control mode, 
to best integrate with a weak rural feeder. 
Fortunately, variable speed wind turbines are acknowledged to improve support to an 
electrical grid, since they offer reliable contribution to power stability within a system [1].  
One such type of variable speed wind turbine incorporates an inverter-coupled generator 
(ICG). In this configuration, the ICG decouples the wind turbine from the electrical grid, 
allowing independent wind turbine operation, without direct disturbance to the electrical grid 
[2]. The wind turbine is free to adapt to the conditions in order to optimise energy harvest of 
the wind resource. 
Inverter-Coupled WTGs offer fully controlled interaction and integration with the electrical grid 
[3], which is why their use is relatively common in South-Western Australia (as well as 
worldwide) - including some small wind farms connected to weak rural feeders (e.g. Kalbarri 
Wind Farm and Denmark Community Windfarm). 
The ICG offers several reactive power control strategies (e.g. power factor (PF) control at the 
source, voltage control at the point of connection, etc.), which allow for relatively flexible and 
efficient operation [4].  
Using the DIgSILENT PowerFactory software package, a weak rural feeder model with 
embedded inverter-coupled WTG, has been developed for simulation and analysis. Particular 
focus has been given to establish what reactive power control mode would integrate best with 
the developed weak rural feeder model.    
The study identified that PF control mode produces the most favourable results - specifically 
when the WTG is absorbing reactive power from the network (minimal variations in the 
voltage profile). The results for voltage control mode were not as favourable, as reactive 
power saturation at low load, prevented tighter control at high load, resulting in sizeable 
voltage changes in the profile, and the full reactive power capability of the generator not being 
exploited.  
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1 Introduction 
1.1 Research Problem 
Powering a state as vast as Western Australia (WA) is a significant challenge, with this being 
especially so in sparsely populated, rural, remote or fringe-of-grid locations [5]. Power 
distribution lines - known as feeders - need to traverse substantial distances in these locations 
in order to connect the most remote customers to the closest electrical grid. For example, 
approximately 130km separates the Geraldton power station and customers in the coastal 
town of Kalbarri.  
Feeders are often designed to be radial - that is a single path connects the generation source 
(e.g. Geraldton power station) and each of the loads along the line. Examples of loads 
connected along a rural feeder can consist of farms, lifestyle blocks or small villages, whilst a 
township (e.g. coastal town of Kalbarri) or remote community can be found at the end of the 
line. If a line fault occurs along a radial feeder, all loads beyond the point of disconnection will 
receive no power until the fault is rectified [6].  
1.2 What makes a Rural Feeder Weak? 
Feeders are designed with an estimated load growth and seasonal variation in mind. However, 
in some instances projected limits can be reached and exceeded, thereby resulting in large line 
power losses and low and variable voltages. This point is especially pertinent for rural feeders 
where infrastructure and asset upgrades can be financially and logistically prohibitive for a 
Network Service Provider (NSP). 
One unavoidable weakness of long feeders is an accumulation of losses made worse by the 
additional current flow needed to transfer reactive power to all loads along the line and to 
compensate for the subsequent reactive power losses [7]. Power losses are calculated using 
the following formulas (where I is the current flow, R is the line resistance and X is the line 
reactance), with the magnitude of the current flow being the biggest contributor [8]: 
          Real power losses = I2R    (1) 
        Reactive power losses = I2X    (2) 
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Line power losses increase quadratically as feeder current increases to supply peak real and 
reactive loads and to compensate for the additional line reactive power losses [9]. To reduce 
current flow and reactive power transfer in a long feeder, a capacitor bank can be connected 
towards the end of the line [10], providing reactive power support, improving voltage profiles, 
and reducing reactive power injection (and current flow) from the generation source.   
Weak rural feeders have a high impedance (i.e. relatively large resistance and reactance 
values, being of the same order of magnitude), and relatively low X/R ratio (e.g. Ravensthorpe 
feeder in WA) - when compared with a low impedance transmission line, which has a high X/R 
ratio [11] (e.g. urban feeders).  
Series resistance and reactance values of long rural feeders are high primarily because of 
financial and logistical constraints - that is to use the most efficient conductor sizes for the 
substantial distances involved would be financially prohibitive. Therefore, less efficient and 
less costly conductor sizes are used to construct a long feeder.  
Formulas (1) and (2) show the linear relationship of line resistance and line reactance to power 
losses, where respective series values accumulate as the feeder length increases [10]. Further 
to the contribution of line resistance and line reactance to power losses, long feeders are 
susceptible to voltage drops caused by an accumulation of series impedance [10].  
1.3 Impacts of a Weak Rural Feeder 
Generally, loads farthest from the power source and/or any voltage regulation equipment in a 
feeder are more vulnerable to any adverse effects caused by line losses, load growth and 
seasonal variation [5]. There are short-term and long-term adverse effects to customers 
connected to the feeder - such as undervoltage (in times of high peak load demand) or 
overvoltage (in times of low peak load demand), abrupt voltage drop/rise, line 
outages/interruptions, and flicker.  
These effects are obviously unwelcome and inconvenient for customers affected, and 
unacceptable from a NSP perspective as standards are in place to avoid such situations arising. 
From a local perspective, South-Western Australia’s NSP are aware of this ongoing problem 
and have affirmed their commitment to improve performance and reliability (e.g. voltage 
levels and voltage drop/rise between acceptable limits), in sparsely populated, rural, remote or 
fringe-of-grid locations connected to the South-West Interconnected Network (SWIN) [12]. 
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1.4 A Potential Solution 
One solution to alleviate the pressure on a weak rural feeder is the connection of an 
embedded generation source - such as a wind turbine/farm - towards the end of the line. An 
embedded generator connected in this location has the potential to improve and stabilise 
voltage levels, by way of injecting additional power - real and reactive - into the system [9]. 
Some local examples where an embedded generation source has been connected towards the 
end of a weak rural feeder include the Kalbarri Wind Farm [13] and Denmark Community Wind 
Farm [14].      
However, this solution - to connect an embedded wind generation source towards the end of 
the feeder - is not necessarily a simple process [15], and care must be taken to select the most 
suitable wind generation technology/configuration and reactive power control mode to best 
integrate with the electrical grid (by way of minimising impact, and simultaneously optimising 
improvement, to the capacity and electricity supply of a system).  
In the event wind generation is being considered to be connected to a weak rural feeder, a 
robust and thorough feasibility study would be undertaken - including comprehensive 
research, detailed computer simulations, and analysis of results. Such a study is the inspiration 
for this thesis project - a voltage impact study investigating reactive power control modes of 
inverter-coupled wind generation connected to a weak rural feeder.          
1.5 Thesis Outline 
Chapter 2 of this thesis report provides a brief summary of wind generation topologies, 
focussing on the key differences between fixed speed and variable speed turbine 
configurations and identifying what characteristics would be more favourable for connecting 
to a weak rural feeder. A particular focus is given to inverter-coupled wind generation 
technology, which has been connected to weak rural feeders in WA.  
Chapter 3 describes the developed weak rural feeder model (inspired by the Geraldton-to-
Kalbarri feeder), including peak load range, voltage regulator settings, line resistance and 
reactance values, wind farm specifications and location.  
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Chapters 4 (Power Factor Control) and 5 (Voltage Control) provide summaries of the control 
modes considered, system analysis performed using DIgSILENT PowerFactory, and detailed 
analysis of the results. The simulations performed focus solely on steady-state voltage outputs, 
with and without the windfarm being connected, and for a peak load range (including future 
peak load). Analysis of the simulations includes observing the impacts of the control modes on 
voltage profiles, voltage drop/rise, and - where relevant - assessing the results against local 
guidelines. 
Chapter 6 introduces future work recommendations that could be conducted as a continuation 
of this thesis project, whilst Chapter 7 concludes this thesis report with a summary of the work 
undertaken.  
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2  Wind Turbine Generation Configurations 
2.1 Background 
How a wind turbine/farm operates and connects to an electrical grid affects power stability 
within a system [2]. This statement is especially important when considering the connection of 
a wind turbine/farm to a weak rural feeder [15].  
Therefore, it is important to have an understanding of the strengths and weaknesses of the 
various WTG designs and configurations (i.e. topologies), before deciding what option best 
suits the aims of the respective project [2].    
In recent times NSPs have become more wary of increasing peak loads, as well as intermittent 
generation sources within the bounds of an electrical grid (e.g. residential PV installations), all 
having the potential to affect stability within a system [16]. As such, smarter solutions that will 
support the grid in a controllable and relatively predictable manner are required.  
Consequently, design standards for WTGs have become more rigorous. It is now expected that 
a WTG provides real and reactive power support, as well as assisting in the control of 
frequency and voltage at the point of connection with the electrical grid [17]. Furthermore, a 
WTG needs to have the capability to adapt to varying conditions and it is expected that 
response time to these situations is minimal [17].  
The purpose of the first part of this chapter is to highlight some of the general differences of 
the main wind generation topologies and configurations and identify what characteristics 
would be more favourable for connecting to a weak rural feeder. The second part of this 
chapter focuses on a wind generation topology that includes an ICG, which is a favoured 
option in various small wind farms that connect to weak rural feeders in WA.  
2.2 Wind Generation Topologies 
Wind generation topologies incorporate how a turbine is assembled and configured, the 
means of power and speed control and other design specifications [18].  
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The general topology of a WTG is outlined in Figure 1 (adapted from [17]). 
 
Figure 1 Generic WTG block diagram 
Wind turbines are coupled with generators (asynchronous or synchronous) that convert 
mechanical energy (kinetic energy from the wind is converted to mechanical energy when the 
turbine rotates) to electrical energy. For most WTGs, a gearbox interconnects the turbine and 
the generator, although in modern topologies gearboxes are being superseded by the use of 
generators with a large number of poles (multipole generators), and power converters (located 
between the generator and electrical grid) [17].  
Power electronic mechanisms, such as soft-starters, capacitor banks and power converters 
process the electrical power flowing between the generator and the electrical grid. Processing 
of electrical power can include facilitating conversion from one frequency to another, 
controlling levels, and/or power conditioning [19]. Connection to the electrical grid is achieved 
via a transformer.  
2.3 Wind Turbine Configurations 
Four types of wind turbine configurations are generally accepted by industry as the benchmark 
for wind generation technology. The four types of wind turbine are distinguished by speed of 
control - fixed or variable - with Type I and Type II turbines being categorised as fixed/partially-
fixed speed [20], and Type III and Type IV turbines being categorised as having variable speed. 
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Table 1 (adapted from [17]) summarises each of the wind turbine configurations, specifying 
what form of generator and power electronic mechanisms would be incorporated in the 
topology. 
 
Table 1 Four main wind turbine configurations 
2.3.1 Fixed speed WTGs (Type I and Type II) 
As Type I and Type II WTGs connect directly to the electrical grid, their speed is regulated by 
system frequency and generator specifications. Generator design targets restricted speed 
ranges - for low or medium/high wind conditions. The inability of fixed speed WTGs to adapt to 
varying wind conditions can result in the wind resource not being fully exploited.  
Operating the rotor within a limited speed range makes it very sensitive to wind speed 
fluctuations. Excessive wind speeds (including momentary gusts), can lead to the rotor stalling 
and voltage variations within a system [17]. This outcome is particularly undesirable in a weak 
rural feeder [17]. 
A fixed speed generator absorbs relatively large inrush currents, required for energisation [21]. 
For that reason, soft-starters are included within the WTG topology to limit inrush current [4], 
reducing disturbance of grid voltage levels [21]. 
Fixed speed WTGs utilise induction generators which always absorb reactive power from the 
electrical grid when connected [20], with the level of absorption being dependent on real 
power output [22]. Outcomes of variable reactive power absorption are low voltage/voltage 
collapse [2] and low power factor (PF) [19]. As such, reactive power support is provided by 
incorporating a capacitor bank/capacitor banks in the WTG topology [17]. 
Fixed speed WTGs employ PF correction capacitors to control PF [4], however, they are 
incapable of controlling voltage [23].  
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Overall, fixed speed WTGs perform effectively when connected to low source impedance 
electrical grids, and in favourable wind conditions (i.e. minimal variation in wind around 
targeted speed range) [17]. However, as weaker electrical grids are susceptible to disturbance 
of grid voltage levels, it would be inadvisable to connect a fixed speed WTG to a weak rural 
feeder.    
Fixed speed turbines are rarely installed anymore [24], mostly because of the emergence of 
more versatile and less sensitive variable wind speed turbines.   
2.3.2 Variable speed WTGs (Type III and Type IV) 
Type III and Type IV WTGs are decoupled from the electrical grid by a power converter [25].    
The generator-side of a power converter operates at variable frequency (dependent on wind 
speed), whilst the grid-side of the power converter has fixed frequency (synchronised with the 
electrical grid). This arrangement allows the variable speed WTGs to adapt to varying wind 
conditions, resulting in a more efficient energy harvest of the wind resource, without resulting 
in undue direct voltage fluctuations in the electrical grid [2].     
The power converters within variable speed WTGs afford more controllability than fixed speed 
WTGs, by way of an ability to dynamically alter the operating conditions of the turbine(s), and 
simultaneously manage output to the electrical grid.  
The power converter is capable of controlling the grid-side reactive power level, resulting in 
several control strategy options for connecting to the electrical grid [17]. Consequently, it is 
not essential for a separate capacitor bank to form part of the configuration (typically 
capacitors form part of the converter). Furthermore, variable speed WTGs are not directly 
energised by the electrical grid, thus removing the need for a soft-starter to form part of the 
configuration.    
Another advantage of variable speed WTGs is the (limited) capacity of temporarily storing and 
releasing surplus wind energy within the rotor of the turbine [26]. The rotor is capable of 
storing wind energy for short periods of time when wind speeds are high, releasing the wind 
energy in times of lower wind speed.  
Industry acknowledges that variable speed wind turbines improve support to an electrical grid 
more than fixed speed wind turbines, as they provide better power stability and reliability 
within a system [1]. 
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2.4 Inverter-Coupled Generation 
2.4.1 Background 
In recent times there has been a move to incorporate ICGs within WTG topologies. There are a 
variety of reasons for this shift - none more so than the fact that ICGs offer fully controlled 
interaction and integration with the electrical grid [3].  
Proposals that incorporate ICGs have the capacity to do this, by way of an ability to 
automatically adapt to both grid- and generator-side conditions, independent of each other 
[17]. The controllability enables the WTG to perform optimally and efficiently, as well as 
provide grid support [27].  
2.4.2 Topology 
Whilst there are a variety of topologies that incorporate ICGs, this report will focus on one 
composition, as outlined in Figure 2 (adapted from [28]). 
 
Figure 2 Block diagram example of inverter-coupled WTG 
The topology consists of a variable speed wind turbine, synchronous generator, rectifier and 
inverter, before connecting with the electrical grid via a transformer. A branch in the DC link 
would lead to a DC capacitor. The combination of variable speed wind turbine, synchronous 
machine and full-scale frequency converter (i.e. rectifier and inverter) make this a Type IV wind 
turbine configuration [17].  
Both rectifier and inverter can operate bidirectionally enabling indirect power flow between 
the wind turbine/farm and electrical grid [29]. 
A control system is connected to the inverter (directly or remotely), enabling regulation of 
values to achieve the best integration with the electrical grid.  
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Further to the capacity to temporarily store energy within the rotor, a flywheel can also be 
coupled with the synchronous generator for temporary storage of overflow wind energy (i.e. 
from the rotor). The stored energy could be utilised in times of reduced system stability [27], 
however, installation and maintenance costs of a flywheel storage system can be prohibitive.  
If additional reactive support and voltage stability is required a static synchronous 
compensator (STATCOM) could be incorporated within the topology. 
2.4.3 Rectifier and Inverter 
A rectifier converts AC power from the synchronous generator to DC power, whilst an inverter 
converts DC power from the rectifier to AC power [30]. In this topology the AC power 
frequency entering the rectifier is variable (dependent on wind turbine rotor speed), whilst the 
AC power frequency from the inverter synchronises with that of the electrical grid [10]. This 
relationship explains why a rectifier-inverter combination is referred to as a frequency 
converter (i.e. converting one frequency value to another).  
Assisted by the DC capacitor between the rectifier-inverter, the frequency converter 
effectively enables independent operation of the wind turbine/farm and the electrical grid 
[17]. This allows the wind turbine/farm to perform optimally with respect to wind conditions 
(i.e. by way of an ability to adapt to wind speed), without causing an undue direct disturbance 
to the electrical grid.  
To ensure full controllability of the topology, the inverter must be sized to be able to 
accommodate full rated power from the turbine, as well as maximum rated reactive power 
values to and from the electrical grid [4]. If not sized correctly, the inverter could be damaged 
or destroyed [31]. 
2.4.4 Control System 
The control system interacts with the inverter by way of monitoring and adjusting grid-side 
levels [28] and turbine parameters. The control system has the capacity to alter grid- and 
generator-side conditions via the inverter where necessary (i.e. in response to changes within 
the WTG and/or electrical grid and in order to achieve optimum performance). Inverters have 
the capacity to respond to control signals quickly and frequently and can accommodate high 
power flow, hence the connection with the control system.  
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The inverter control system operates autonomously, responding only when programmed 
conditions are not satisfied (i.e. when the WTG is not operating optimally, or when grid-side 
performance is being negatively affected by WTG). Inverter control system programs perform 
dynamically, carrying out complex algorithms and loop systems [32].    
Some examples of instantaneous controls that could be performed (via the inverter) include:  
 PF control by regulating the grid-side current, thereby manipulating the phase angle 
with the reference point grid-side voltage, thus obtaining the required ratio of real and 
reactive power flow (i.e. supplying or absorbing) [32];  
 Voltage control by regulating reactive power supply/absorption to/from the electrical 
grid, in order to influence a voltage value at a specified location within the electrical 
grid (usually the point of connection) [27]; and 
 Real power control by regulating the power output with respect to maximum power 
output capacity, in order to reduce voltage impacts. For example the real power 
output from the Denmark Community Windfarm is currently limited to 1.44MW 
(because of network voltage concerns), despite having a maximum power output 
capacity of 1.6MW [33].            
2.4.5 Advantages 
There are many positive aspects of a wind turbine/farm that incorporates an ICG, most of 
which are attractive characteristics for providing support to a weak rural feeder.  
The ability for the wind turbine/farm to function independently from the electrical grid allows 
for operation that best fits the wind conditions, producing a smoother power output [34]. 
Automatic adjustments to the operation can be made from the inverter control system, 
maximising energy harvest of the wind resource. The adaptable nature of the operating 
conditions and low rotational speed (for the majority of the time), reduces mechanical strain 
and stress on the turbine.            
The versatility and responsiveness of an ICG connected to a dynamic control system results in 
flexible and efficient operation [4]. The overall configuration provides a variety of operational 
modes, including PF control and voltage control. It is expected that future advances in the 
technology will further improve the controllability and functionality of the inverter-control 
system combination. 
12 
 
Integration contributes to improved frequency and voltage stability within the electrical grid 
[31]. Loads closest to the point of connection benefit from boosted voltage levels, whilst 
reactive power support can lead to reduced grid losses [31].   
2.4.6 Disadvantages 
One negative of a wind turbine/farm topology that incorporates an ICG is the injection of 
harmonic currents generated by high frequency switching events within the inverter [35].  
From a load flow perspective, the impact of harmonic contribution from embedded generation 
is reduced power within the electrical grid [36], caused by a deterioration in voltage quality in 
an electrical grid [35]. Furthermore, harmonics can damage equipment and devices within the 
electrical grid, cause a system to trip, and interfere with operation [37].       
As harmonic distortion can disrupt the performance of an electrical grid, NSPs expect 
mitigation measures to be implemented to reduce the chances of problems [32]. As such, 
filters are regularly used to reduce harmonics [34], whilst inverter selection can also influence 
harmonic production [34]. For example, a pulse-width modulation (PWM) inverter is capable 
of filtering certain harmonics it produces [17]. (Note: A description of how a PWM inverter 
filters harmonics is beyond the scope of this thesis project).      
If calibrated properly an ICG exhibits greater control when integrating to an electrical grid. 
Therefore, it is not envisaged that flicker and voltage fluctuation inconvenience would be 
unduly exacerbated, rather the additional stability afforded by the whole topology would likely 
reduce occurrences [20].       
2.4.7 Examples 
ENERCON and GE Energy are wind turbine manufacturers that have embraced the concept of 
incorporating ICGs with their products. From a local perspective, ENERCON wind turbines with 
inbuilt ICGs have been grid-connected at Grasmere and Albany [38], Denmark [14], Mt Barker 
[39], and Kalbarri [3], whilst GE Energy wind turbines with inbuilt ICGs have been grid-
connected south-east of Geraldton [40]. Crucially, with respect to the context of this thesis 
project, the turbines installed at Denmark and Kalbarri are connected to weak rural feeders. 
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3 Development of Model 
Before considering the developed weak rural feeder model, a brief overview of the software 
used to carry out system analysis is provided. 
3.1 Introduction to DIgSILENT PowerFactory 
DIgSILENT PowerFactory was used for conducting this power system feasibility analysis. The 
software package was recommended as it has the capacity to produce detailed models, 
including the individual components of a WTG configuration (i.e. synchronous generator, 
rectifier, inverter, etc.).   
For the purposes of this thesis project, a synchronous generator was included in the model to 
represent the base case inverter-coupled WTG. The synchronous generator option in 
DIgSILENT PowerFactory has the capacity to control PF and voltage values when connecting 
with the remainder of the feeder model, and was deemed sufficient for the desired system 
analysis.    
Steady state and power flow analysis was relatively easy to perform with this package, whilst 
there is also scope to perform fault and harmonic analysis, as well as the functionality to write 
all-encompassing software programs (known as DPL Script).     
3.2 Weak Rural Feeder Model 
The developed weak rural feeder model was inspired by the Geraldton-to-Kalbarri distribution 
system. Figure 3 graphically represents the model.  
 
Figure 3 Developed weak rural feeder model 
The feeder model consists of (from left-to-right) an ideal generator, several loads and two 
voltage regulators (autotransformers). The end of the line (demarcated ‘Town’ in Figure 3) is 
punctuated by one final load and a capacitor bank. A wind farm is proposed to be connected to 
the feeder between buses 6 and 7 (demarcated ‘Point of Connection’ in Figure 3). 
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3.3 Ideal Generator 
The ideal generator at the start of the feeder represents the power source that supplies the 
line (e.g. Geraldton power station). At the ideal generator the power base (Sbase) was set to 
100MVA, and the voltage base (Vbase) was set to 33kV. The source impedance associated with 
the ideal generator is 0.3267Ω/km (resistance) + 3.1581Ω/km (reactance).  
To compensate for voltage drop along the feeder and to avoid tap limits being reached, the 
initial voltage value at the ideal generator was set to 1.04 p.u. (the additional 0.04 p.u. acting 
as a buffer). The initial voltage value was recommended by the co-supervisor, with this 
approach considered industry norm.  
3.4 Loads 
Loads exist at various buses along the feeder, with Table 2 summarising the respective values 
for all peaks considered.  
 
Table 2 Load Data 
Simulations were carried out at 100%, 80% and 30% peak loads, as well as for a future peak 
load, which was determined (via trial-and-error) to be approximately 115% (Note: The future 
load was determined with the wind farm disconnected - for loads greater than 115% DIgSILENT 
PowerFactory returned an error message stating that there was ‘no convergence in load flow’). 
In this instance, the smaller load values could represent a cluster of farms, whilst the larger 
load at the end of the line represents a township (e.g. Kalbarri).  
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3.5 Line Impedances 
Table 3 summarises the various line impedances of the rural feeder. The rated voltage of the 
feeder is 33kV.  
 
Table 3 Line Impedance Data 
It is worth noting that the resistance (R) and reactance (X) values are the same order of 
magnitude, which is consistent with what is known about weak rural feeders - namely, that 
they consist of a low X/R ratio (compared with a low source impedance transmission line), and 
relatively high resistance values [11].  
3.6 Voltage Regulators 
Voltage regulators are a common feature of feeder models as they have the capacity to 
automatically keep voltage values within a specified range by adjusting tap positions at the 
respective buses (where necessary).  
The key values associated with the voltage regulators (autotransformers) are summarised in 
Table 4. 
 
Table 4 Voltage Regulator Data 
When considering connecting embedded generation to a feeder (not just a weak rural feeder), 
voltage regulators should not be relied on to control the integration (i.e. the interaction should 
be more balanced and should not result in substantial voltage changes).   
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3.7 Capacitor Bank 
The capacitor bank is fixed and is included to provide reactive power support and to reduce 
power losses at the end of the line. The capacitor bank has a rated reactive power of 1Mvar.   
3.8  Proposed Wind Turbine/Farm 
The proposed wind turbine/farm would be generic (i.e. no specific manufacturer in mind), has 
a maximum real power output of 1MW and reactive power range of  0.484Mvar (0.9 
supplying PF to 0.9 absorbing PF). The nominal voltage of the proposed wind farm is 0.4kV, 
therefore a step-up transformer is required to integrate with the 33kV rural feeder.  
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4 Power Factor Control 
4.1 Introduction 
One control strategy of an inverter-coupled WTG is PF control mode. The aim of this mode is 
to operate the WTG at a constant PF (i.e. fixed ratio of real and reactive power). 
A constant PF is achieved by adjusting the reactive power level, dependent on the real power 
value [10]. An inverter-coupled WTG is capable of manipulating the reactive power level to 
have - utilising active sign convention - a supplying PF (source supplies reactive power to 
network / generator current lags voltage) or absorbing PF (source absorbs reactive power from 
network / generator current leads voltage) [8]. Unity PF is achieved when the reactive power 
level is zero (source neither supplies nor absorbs reactive power / generator current and 
voltage peaks synchronised).   
With the aid of DIgSILENT PowerFactory, PF control simulations were carried out incorporating 
the connection of the generic 1MW inverter-coupled WTG to the developed weak rural feeder 
model, various peak loads and initial voltage regulator tap positions (all outlined in Chapter 3 
of this report).  
A range of PFs were selected for testing based on the characteristics of commonly used 
inverter-coupled WTGs (e.g. ENERCON and GE Energy turbines). 0.9 supplying (+0.484Mvar 
reactive power) to 0.9 absorbing (-0.484Mvar reactive power) PFs were selected to be 
considered, alongside the default setting of unity PF. The selected PF range exceeded the 
minimum requirements of Figure 3.3 of the ‘Technical Rules for the South West 
Interconnected Network’ (Inverter coupled generating units or converter coupled generating 
units) - specifically 0.95 supplying to 0.95 absorbing at the point of connection to the network 
[41], resulting in a more robust comparison of the limits. Satisfactory performance at the 
selected PF range would therefore indicate clear compliance with the minimum local South-
Western Australia standard.  
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Figure 4 displays the relationship between real and reactive power values for the proposed 
1MW inverter-coupled WTG, with unity, 0.9 supplying and 0.9 absorbing PFs (i.e. Q =  
0.484Mvar). 
 
Figure 4 Fixed PFs considered (Unity, 0.9 Supplying and 0.9 Absorbing) 
The reactive power values for supplying PF and absorbing PF increase proportionately as real 
power values increase, whilst for unity PF there is no reactive power.  
The simulations took account of a series of steps (extremities) - outlined in the Method section 
of this chapter (4.3) - which involved the wind farm being disconnected or connected and 
incorporating steady state conditions before and after automatic tap adjustments by the 
voltage regulators. Steady state voltage levels, voltage changes, and tap changes (where 
applicable) were noted at each bus, with these values being summarised and presented in the 
Results section of this chapter (4.4).   
Analysis of the results is provided in the Results (4.4) and Discussion (4.4.4) sections of this 
chapter, with particular attention being focussed on the respective voltage profiles and any 
associated connection implications with the weak rural feeder. 
4.2 Background 
PF control is achieved via a variety of means, dependent on what wind generation technology 
is being utilised.  
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PF control for a generic inverter-coupled WTG (i.e. Type IV (variable speed) WTG) is achieved 
via the inverter control system which has the capacity to regulate the current on the grid-side 
of the inverter [4]. Consequently, the phase angle at the point of connection can be controlled 
with respect to the reference point grid-side voltage, resulting in the required ratio of real and 
reactive power.  
Reduced voltage variation is an outcome of embedded generation operating with absorbing or 
unity PF [42]. This point can be appreciated when considering the formulas for variation in 
voltage with respect to the active and reactive power components within a system (extracted 
from [43])    
 VP = 
       
 
  (3) 
and 
 VQ = 
       
 
  (4) 
where  Vp and  VQ are the phasor voltage differences between the sending end voltage (V) 
and receiving end voltage of a line resulting from the step changes in real (P) and reactive (Q) 
power from the embedded generation connected to the system, R is the line resistance and X 
is the line reactance.  
The phasor voltage differences can be best visualised when considering the representative 
phasor diagram (simplified from [43]), and concurrent circuit diagram (Figures 5 and 6 
respectively). E represents the sending end voltage. 
 
Figure 5 Phasor diagram of components within formulas for phasor voltage differences 
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Figure 6 Circuit diagram of components within formulas for phasor voltage differences 
With respect to the chosen PF control parameters (i.e. 1MW inverter-coupled WTG, with unity, 
0.9 supplying and 0.9 absorbing PFs) the phasor voltage difference resulting from the step 
change in real power ( Vp) for absorbing PF control will be more modest than for unity and 
supplying PF control. This is because absorbing PF (i.e. negative Q) results in the QX 
component in formula (3) being negative, thus fully or partially offsetting the PR component 
and ending in a smaller  Vp value. 
When considering Figure 5, a smaller  Vp value results in the sending end voltage (E) and 
receiving end voltage (V) phasors being closer in magnitude.  
Table 5 supports this fact, summarising values at the point of connection - calculated using 
formulas (3) and (4) and Pythagoras’ theorem [44], and measured from the DIgSILENT 
PowerFactory simulations - for unity, 0.9 supplying and 0.9 absorbing PFs, and 100% peak load.  
 
Table 5 Calculated and measured values at the point of connection 
Appendix A provides an overview of how formula (3) was derived, as well as a summary of the 
calculations performed (summarised in Table 5).  
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PF control is often used when embedded generation (e.g. wind farm) is ‘relatively small’ [45]. 
Two such examples fall within the SWIN in WA - the 2.4MW Mt Barker and 1.44MW Denmark 
Community Windfarms. For a variety of reasons (which will not be discussed in detail in this 
report) Mt Barker Community Windfarm operates at unity PF, whilst Denmark Community 
Windfarm operates with a 0.9 absorbing PF [33]. 
Some advantages of implementing PF control are low setup cost and simplicity [46]. Significant 
disadvantages of PF control mode are an inability to adapt to the overall network [47], and 
potential Network Service Provider charges or financial obligation when an external source 
consistently absorbs reactive power (absorbing PF mode) [48].  
This occurred with the Denmark Community Windfarm where Western Power required the 
developer to comply with clause 3.3.3.1 (g) of the ‘Technical Rules for the South West 
Interconnected Network’ (Reactive Power Capability) [41] by requesting financial 
compensation for the installation of capacitor banks at Albany [33], needed for reactive power 
support of the feeder.  
4.3 Method 
PF control simulations were carried out utilising DIgSILENT PowerFactory, with Appendix B 
highlighting the methodology used. Simulations were carried out for 100%, 80%, 30% and 
115% peak loads, as outlined in Chapter 3 (3.4 Loads).  
In accordance with Figure 3.3 of the ‘Technical Rules for the South West Interconnected 
Network’ -pertaining to Inverter coupled generating units or converter coupled generating 
units - the minimum PF range for an inverter coupled generating unit is 0.95 supplying to 0.95 
absorbing [41]. A more comprehensive assessment of the PF range - provided by many 
inverter-coupled WTGs - was performed (0.9 supplying to 0.9 absorbing), with a satisfactory 
outcome indicating clear compliance with the minimum local South-Western Australia 
standard.       
The simulations took account of the following steps (extremities), with steady state voltage 
levels, voltage changes, and tap changes (where applicable), being noted at each bus (including 
at Terminal - the node that connects directly with the wind farm): 
1. Wind farm disconnected - at steady state after automatic tap adjustment of voltage 
regulators  
2. Wind farm connected - relevant real and reactive power prior to automatic tap 
adjustment of voltage regulators 
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3. Wind farm connected - relevant real and reactive power after automatic tap 
adjustment of voltage regulators 
4. Wind farm disconnected - prior to automatic tap adjustment of voltage regulators 
5. Wind farm disconnected - at steady state after automatic tap adjustment of voltage 
regulators 
It is worth noting that step 4 in this instance - specifically the instantaneous disconnection of 
the wind farm - relates to an infrequent event such as tripping. Routine events such as 
shutdown for high wind event are likely to result in a more staggered disconnection, so the 
impact on the voltage profile would not be as abrupt.     
Tabulated data, graphs and analysis follow in the Results (4.4) and Discussion (4.4.4) sections 
of this chapter, as well as in Appendix C.   
4.4 Results 
Prior to carrying out the simulations, load values were fixed, and voltage regulator neutral tap 
positions were set, as outlined in Chapter 3 (3.4 Loads). 
Voltage changes were determined by calculating the difference in voltage levels between two 
concurrent steps - for example, the difference in voltage levels between step 2 and step 1, at 
each individual bus. 
For simplicity, all results for the first simulations (i.e. 100% peak load) of each PF considered 
(Unity PF, 0.9 Supplying PF and 0.9 Absorbing PF) are provided in the body of the report, whilst 
only key findings for all other simulations (i.e. 80% peak load, 30% peak load and 115% peak 
load), where deemed necessary, are provided in the body of the report, and all other 
supplementary data is supplied in Appendix C.   
4.4.1 Unity PF 
Relevant power in this instance is represented by 1MW of real power and 0Mvar of reactive 
power at the source.  
4.4.1.1 100% Peak Load 
Steady state voltage levels, voltage changes, and tap changes (where applicable) at all buses 
(including at Terminal - the node that connects directly with the wind farm) are summarised in 
Tables 6, 7 and 8. 
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Table 6 Steady state voltage data for first and second steps (Unity PF / 100% Peak Load) 
At steady state - prior to the wind farm connecting to the network - voltage regulator 1 settles 
on tap position 10 (+2), and tap position 21 (+6) at voltage regulator 2. 
After the wind farm is connected (step 2) all steady state voltage levels fall within the desirable 
0.90-1.10 p.u. range [41].    
There are several voltage changes (highlighted red) that significantly exceed the 2% limit in 
clause 3.6.8 (c) of the ‘Technical Rules for the South West Interconnected Network’ (Power 
Quality and Voltage Change) [41]. It is acknowledged that the voltage changes are unlikely to 
be as abrupt in reality, as full power would be achieved more gradually (i.e. not 
instantaneously). However, the voltage changes that exceed the 2% limit [41] highlight an 
undesirable outcome of connecting to the developed model with unity PF.    
 
Table 7 Steady state data for third and fourth steps (Unity PF / 100% Peak Load) 
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Table 7 shows that step 3 causes the tap position at voltage regulator 1 to step down to 
position 9 (-1), and to position 19 (-2) at voltage regulator 2. The tap adjustments settle the 
voltage levels from step 2, however, as mentioned in Chapter 3 (3.6 Voltage Regulators), 
voltage regulators should not be relied on to control integration with the feeder.  
In the event of wind farm disconnection (step 4), some voltage levels would fall below the 
original voltage levels at steady state (step 1), which is an undesirable outcome, despite all 
values continuing to fall within the desirable 0.90-1.10 p.u. range [41].  
As with the results for the first two steps, there are several voltage changes (highlighted red) 
that significantly exceed the 2% limit [41]. Again, this would be an undesirable outcome of 
connecting to the developed model with unity PF.  
 
Table 8 Steady state data for fifth step (Unity PF / 100% Peak Load) 
Step 5 (in Table 8) causes the automatic adjustment of voltage regulator 1 and voltage 
regulator 2 to return the tap positions to those present after step 1. The voltage levels return 
to the steady state values present after step 1. 
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Figure 7 highlights the voltage levels and changes for the 100% peak load. 
 
Figure 7 Voltage levels and changes at Unity PF / 100% Peak Load 
(Note: Lines for steps 1 and 5 overlap) 
Figure 7 displays the voltage changes that exceed the 2% limit [41], when the wind farm is 
connected/disconnected (before automatic tap adjustment - i.e. steps 2 and 4), with voltage 
levels being momentarily weaker (step 4) than the original voltage levels at steady state 
(step  1).  
In this instance, by way of the voltage changes that exceed the 2% limit [41], it is considered 
that connecting to the developed model with unity PF would result in an unstable integration 
with the electrical grid. Consequently, performing simulations for the remaining peak loads 
was not deemed necessary.  
4.4.2 0.9 Supplying PF 
Relevant power in this instance is represented by 1MW of real power and +0.484Mvar of 
reactive power (supplying) at the source.  
4.4.2.1 100% Peak Load 
Steady state voltage levels, voltage changes, and tap changes (where applicable) at all buses 
(including at Terminal - the node that connects directly with the wind farm) are summarised in 
Tables 9, 10 and 11. 
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Table 9 Steady state data for first and second steps (0.9 Supplying PF / 100% Peak Load) 
After the wind farm is connected (step 2) all steady state voltage levels fall within the desirable 
0.90-1.10 p.u. range [41]. It is, however, worth noting that some values approach the upper 
limit of this range.     
Once again, there are several voltage changes (highlighted red) that significantly exceed the 
2% limit [41], and those recorded when connecting to the developed model with unity PF.  
 
Table 10 Steady state data for third and fourth steps (0.9 Supplying PF / 100% Peak Load) 
As shown in Table 10, step 3 causes the tap position at voltage regulator 1 to step down to 
position 8 (-2), and to position 18 (-3) at voltage regulator 2. Once again, the tap adjustments 
stabilise the voltage levels from step 2, however as already mentioned when considering unity 
PF voltage regulators should not be relied on to control integration with the feeder.  
In the event of wind farm disconnection (step 4), one voltage level (at Bus 7) would fall below 
the desirable 0.90-1.10 p.u. range (highlighted orange), indicating a negative impact on the 
voltage profile. This point is further exacerbated by the fact that some voltage levels fall below 
the original voltage levels at steady state (step 1).  
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As with the results for the first two steps, there are several voltage changes (highlighted red) 
that significantly exceed the 2% limit [41] and those recorded when connecting to the 
developed model with unity PF. Again, this would be an undesirable outcome of connecting to 
the developed model with 0.9 supplying PF.  
 
Table 11 Steady state voltage data for fifth step (0.9 Supplying PF/ 100% Peak Load) 
Step 5 (shown in Table 11) causes the automatic adjustment of voltage regulator 1 and voltage 
regulator 2 to return the tap positions to those present after step 1. The voltage levels return 
to the steady state values present after step 1. 
Figure 8 highlights the voltage levels and changes for the 100% peak load. 
 
Figure 8 Voltage levels and changes at 0.9 Supplying PF / 100% Peak Load 
(Note: Lines for steps 1 and 5 overlap) 
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The chart highlights the larger voltage changes than those shown in Figure 7, and the voltage 
level falling outside the desirable 0.90-1.10 p.u. range (Step 4 / Bus 7). 
By way of the voltage changes that significantly exceed the 2% limit [41], and the failure of all 
voltage levels falling within the desirable 0.90-1.10 p.u. range [41], it is considered that 
connecting to the developed model with 0.9 supplying PF would result in an unstable 
integration with the electrical grid. Consequently, performing 0.9 supplying PF simulations for 
the remaining peak loads was not deemed necessary. 
4.4.3 0.9 Absorbing PF 
Relevant power in this instance is represented by 1MW of real power and -0.484Mvar of 
reactive power (absorbing) at the source.  
4.4.3.1 100% Peak Load 
Steady state voltage levels, voltage changes, and tap changes (where applicable) at all buses 
(including at Terminal - the node that connects directly with the wind farm) are summarised in 
Tables 12, 13 and 14. 
 
Table 12 Steady state data for first and second steps (0.9 Absorbing PF / 100% Peak Load) 
After the wind farm is connected steady state voltage levels continue to fall within the 
desirable 0.90-1.10 p.u. range [41], whilst changes in the voltage levels are more modest and 
controlled when compared with the values recorded in the unity supplying PF simulations, 
whilst all voltage changes fall within the 2% limit [41]. 
Voltage levels increase along the rural feeder, with the value at the ‘Town’ at the end of the 
line increasing by 1.12% when the wind farm is connected (step 2). 
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Table 13 Steady state data for third and fourth steps (0.9 Absorbing PF / 100% Peak Load) 
No automatic tap changes occur as a result of step 3, meaning that in these operating 
conditions the voltage regulators would degrade no quicker than if the status quo was 
retained. From a NSP perspective this is a positive as this means negligible additional 
maintenance costs, nor early replacement costs associated with the operation of the voltage 
regulators.  
In the event of wind farm disconnection (step 4), the voltage levels return to the original 
voltage levels at steady state (step 1), meaning that a tripping event would not result in steady 
state voltage levels being weaker.  
As with the results for the first two steps, all voltage levels fall within the desirable 0.90-1.10 
p.u. range, and all voltage changes fall within the 2% limit [41]. 
 
Table 14 Steady state data for fifth step (0.9 Absorbing PF / 100% Peak Load) 
Step 5 (shown in Table 14) results in no automatic tap changes, whilst voltage levels remain 
consistent with those recorded after steps 1 (shown in Table 12) and 4 (shown in Table 13).   
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Figure 9 graphically represents the voltage levels and changes for the 100% peak load. 
 
Figure 9 Voltage levels and changes at 0.9 Absorbing PF / 100% Peak Load 
 (Note: Lines for steps 1, 4 and 5 overlap; and lines for steps 2 and 3 also overlap) 
The same y-scale range has been used as with the unity and supplying simulations for 100% 
peak load, to emphasise the more modest and controlled voltage level changes.   
4.4.3.2 80% Peak Load 
The voltage level values and voltage changes follow a similar, reduced pattern to that 
described for the 100% peak load, with the value at the ‘Town’ at the end of the line increasing 
by 0.78% when the wind farm is connected (step 2). No automatic tap changes occur as a 
result of step 3 or step 5. 
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The voltage levels and changes for the 80% peak load are shown by Figure 10.  
 
Figure 10 Voltage levels and changes at 0.9 Absorbing PF/ 80% Peak Load 
(Note: Lines for steps 1, 4 and 5 overlap; and lines for steps 2 and 3 also overlap) 
As can be seen, the results are a more compressed version of the results for the 100% peak 
load.  
4.4.3.3 30% Peak Load 
The voltage level values and voltage changes follow a similar, reduced pattern to that 
described for the 100% and 80% peak loads, with the value at the ‘Town’ at the end of the line 
increasing by 0.29% when the wind farm is connected (step 2). The voltage level values - with 
and without the wind farm being connected - never drop below 1.00 p.u.   
No automatic tap changes occur as a result of step 3 or step 5. 
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Figure 11 shows the voltage levels and changes for the 30% Peak Load. 
 
Figure 11 Voltage levels and changes at 0.9 Absorbing PF / 30% Peak Load 
(Note: Lines for steps 1, 4 and 5 overlap; and lines for steps 2 and 3 also overlap) 
Again, the results are a more compressed version of the results for 100% and 80% peak loads.  
4.4.3.4 115% Peak Load    
The voltage level values and voltage changes follow a similar, stretched pattern to that 
described for the 100% peak load, with the value at the ‘Town’ at the end of the line increasing 
by 1.41% when the wind farm is connected (step 2). 
Step 3 causes the tap position at voltage regulator 2 to step down to position 21 (-2), with 
there being no further tap changes as a result of step 5.   
The tap position for voltage regulator 2 after step 5 is inconsistent with step 1. After the wind 
farm is disconnected (step 4), the voltage level at voltage regulator 2 falls within the specified 
bandwidth range outlined in Chapter 3 (3.6 Voltage Regulators), hence no need for further 
automatic tap adjustment (step 5).  
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On this occasion the final voltage levels (steps 4 and 5) are weaker than the original voltage 
levels at steady state (step 1), with a voltage of 0.9505 p.u. at the ‘Town’ at the end of the line. 
However, this outcome is not considered insurmountable as the tap position at voltage 
regulator 2 could be manually/remotely altered by the NSP to boost the voltage levels to the 
original voltage levels, should the wind farm be disconnected for a period of time.     
The voltage levels and changes for the 115% peak load are shown by Figure 12. 
 
Figure 12 Voltage levels and changes at 0.9 Absorbing PF / 115% Peak Load 
(Note: Lines for steps 4 and 5 overlap) 
The results are an expanded version of the results for 100% peak load.  
4.4.4 Discussion 
0.9 absorbing PF produced modest voltage changes between the sending end and receiving 
end indicating a more stable voltage profile. This outcome is consistent with the literature that 
states that system voltage stability is more controlled when embedded generation operates 
with absorbing PF [42]. Furthermore, the outcome of the simulations are consistent with the 
formulas for phasor voltage differences as shown in formulas (3) and (4) in section 4.2 of this 
chapter (adapted from [43]), which indicates that - given the allocated PF control parameters - 
voltage variation within this system will be more modest when absorbing PF control is selected 
over unity and supplying PF control. 
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As such, it is shown that integration between the electrical grid and the wind farm operating at 
0.9 absorbing PF would be favourable given these conditions.  
The voltage changes for unity and 0.9 supplying PF, however, were excessive, indicating 
volatility in the voltage profile. Generally, supplying PF control is not adopted when embedded 
generation integrates with a feeder, let alone a weak rural feeder. This is largely because 
voltage fluctuations will always be bigger as a result of supplying PF.  
Unity PF can occasionally result in an acceptable voltage impact with an electrical grid (e.g. Mt 
Barker Community Windfarm, which is located in close proximity to the Mt Barker substation), 
and should not be dismissed so easily as supplying PF.  
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5 Voltage Control 
5.1 Introduction 
Another control strategy of an inverter-coupled WTG is voltage control mode. The aim of this 
mode is to control the voltage level at one or more nodes in a system by varying the WTG 
reactive power output (supplying and absorbing) within a fixed range [49]. 
Voltage control performance is influenced by assigning droop settings [50] - specifically a 
droop percentage value - which effectively fixes the range of voltage levels either side of a 
desired voltage setpoint [51], with both upper and lower voltage level limits corresponding 
with the lower and upper reactive power limits respectively. Figure 13 displays the principle of 
voltage droop control. 
 
Figure 13 Voltage droop control 
Larger voltage droop percentages correspond to a wider range of voltage levels either side of 
the desired voltage setpoint, resulting in more limited voltage control and lower magnitude 
reactive power output values, whilst smaller voltage droop percentages correspond to a 
narrower range of voltage levels either side of the desired voltage setpoint, resulting in tighter 
voltage control and higher magnitude reactive power output values.  
Smaller voltage droop percentages can lead to reactive power outputs (magnitudes) that reach 
the defined limits - this is called reactive power saturation. This outcome results in a loss of 
voltage control, with the control mode effectively reverting to PF control to compensate. In 
this instance, the voltage at the specified setpoint can no longer be controlled [10]. 
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In addition to assigning a droop percentage value, real power and voltage setpoint values (for 
the controlled busbar) are inputs that influence the efficiency of the control. Figure 14 displays 
the relationship between real and reactive power for the proposed 1MW inverter-coupled 
WTG, with 0.9 supplying and 0.9 absorbing PFs (i.e. Q =  0.484Mvar). 
 
Figure 14 Relationship between real and reactive power in voltage control mode 
The reactive power range varies within the shaded area, perpendicular to the real power 
value. The greater the real power value, the greater the reactive power range. For example, if 
the WTG is producing 1MW of real power, then the reactive power range will be between ± 
0.484Mvar.  
Consideration of how voltage control is achieved with an ICG, when the control is considered 
appropriate to use, and advantages and disadvantages of the control are provided in the 
Background section of this chapter (5.2). 
Load flow analysis incorporating an inverter-coupled WTG operating in voltage control mode 
was carried out utilising DIgSILENT PowerFactory, with the process outlined in the Method 
section of this chapter (5.3), and a summary and analysis of the simulations provided in the 
Results (5.4) and Discussion (5.5) sections of this chapter.        
5.2 Background 
Voltage control is achieved via a variety of means, dependent on what wind generation 
technology is being utilised.  
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Voltage control for a generic inverter-coupled WTG (i.e. Type IV (variable speed)) is achieved 
via the inverter control system which has the capacity to control the reactive ‘component of 
current’ on the grid-side of the inverter [4], by varying reactive power (supplying and 
absorbing) within a range, dependent on the real power output [52].  
However, variation of reactive power is limited by the power rating of the inverter. For given 
real power and apparent power values a certain reactive power value can be supplied (i.e. 
where Q2 = S2 - P2 [8]).  
The above conditions allow for the voltage on the grid-side of the inverter - specifically at the 
controlled busbar - to be regulated, resulting in voltage control. 
Voltage droop control is often used when embedded generation is made up of multiple units 
(i.e. wind turbines), thereby sharing the responsibility of reactive power supply/absorption 
[36], or where permanent, flexible voltage support is required (i.e. fringe-of-grid locations) [3]. 
An example that incorporates voltage control within the SWIN in WA is the 35.4MW Albany 
and Grasmere Wind Farms [38], whilst the 1.6MW Kalbarri Wind Farm [53] incorporates a mix 
of PF control (fixed 0.906 absorbing PF) and voltage control (voltage control performed by 
STATCOM).  
Some advantages of implementing voltage droop control include an ability to adapt to the 
overall network (i.e. raising low voltage levels, and reducing high voltage levels), particularly in 
a ‘weak area’ [36]. Furthermore, voltage control at the end of a weak rural feeder can lead to 
greater certainty in voltage provision, providing greater customer confidence (i.e. reduced 
outages). 
Regardless of the voltage level, voltage control mode will not result in the generator 
consistently absorbing reactive power from the network, thereby avoiding potential Network 
Service Provider charges or financial obligation to provide equipment to compensate for the 
use of reactive power [41].      
A disadvantage of voltage droop control is complexity [36] - upstream voltage regulators may 
be inhibited from performing automatic tap adjustments to regulate voltage levels as the wind 
farm keeps the voltage levels within the specified bandwidth.  
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This in turn causes the generator to supply/absorb maximum reactive power to draw the 
voltage at the controlled busbar as close as possible to the setpoint value, resulting in reactive 
power saturation and loss of voltage control. Potential solutions to this dilemma are to 
recalibrate the voltage regulator limits ‘closer to the middle of the tolerance band’ [54], adjust 
the tap positions to alleviate reactive power saturation, and/or provide more reactive power 
support to avoid saturation (e.g. STATCOM). However, these options could prove costly, may 
have adverse impacts elsewhere along the line, and prove difficult to remain functional. 
In most cases, the selected voltage droop and setpoint values are applied universally across all 
peak loads. This can often lead to the full reactive power capability of the generator not being 
exploited, as peak load varies, which represents an inefficiency of voltage control.  
5.3 Method 
Voltage droop control simulations were carried out utilising DIgSILENT PowerFactory, with 
Appendix D highlighting the methodology used. Simulations were once again carried out for 
100%, 80%, 30% and 115% peak loads, as outlined in Chapter 3 (3.4 Loads).  
The purpose of the simulations was to determine a voltage droop percentage that could be 
universally applied across all of the peak loads, where the generator would continuously 
operate within a reactive power range. To be consistent with the PF control simulations the 
reactive power limits were set to correspond with 0.9 supplying and 0.9 absorbing PFs (i.e. Q = 
  0.484Mvar).  
However, rather than test the full reactive power range, it was decided to determine the 
minimum voltage droop percentages (highest droop gain) that resulted in reactive power 
outputs of not more than  0.43Mvar at the generator, with magnitudes greater than this 
deemed to represent reduced voltage control caused by imminent reactive power saturation. 
Via trial-and-error a voltage setpoint value for the point of connection was identified (0.9817 
p.u.), producing the most balanced and least sensitive results for the respective loads.  
Following co-supervisor advice, voltage droop percentages considered for each of the loads 
commenced at a maximum value of 4% reducing down where reactive power outputs 
permitted.  
Again, pertinent to the overall analysis of the results were clauses 2.2.2 (a) (Steady State 
Power Frequency Voltage) and 3.6.8 (c) (Power Quality and Voltage Change) of the ‘Technical 
Rules for the South West Interconnected Network’, which stipulate respectively a desirable 
voltage range within  10% of the nominal voltage, and a voltage change limitation of 2% [41]. 
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In accordance with Table 3.2 of the ‘Technical Rules for the South West Interconnected 
Network’ (Non-synchronous generator voltage or reactive power control system performance 
requirements), a percentage error of 0.5% should exist at all times between the voltage 
setpoint and recorded values at the point of connection, also corresponding to a full reactive 
power output (i.e. operating on the border with reactive power saturation) [41].  
However, this rule is considered impractical to apply to fringe-of-grid locations that 
incorporate small generating units (such as those considered here), with anecdotal evidence to 
suggest that the local South-Western Australia NSP has previously waived this rule in similar 
circumstances elsewhere in the SWIN [33].  
The simulations took account of the same steps (extremities) considered for PF control mode, 
with steady state voltage levels, voltage changes, and tap changes (where applicable), again 
being noted for each bus (including at Terminal - the node that connects directly with the wind 
farm). 
Tabulated data, graphs and analysis follow in the Results (5.4) and Discussion (5.5) sections of 
this chapter, as well as in Appendices E to H. 
5.4 Results 
Again, prior to carrying out the simulations, load values were fixed and voltage regulator 
neutral tap positions were reset. The voltage setpoint at the point of connection was set to 
0.9817 p.u. 
Again, for simplicity, all results for the first simulation (i.e. 100% peak load / 4% voltage droop) 
are provided in the body of the report, whilst only key findings for all other simulations (i.e. 
100% peak load / < 4% voltage droops, and all voltage droops for 80% peak load, 30% peak 
load and 115% peak load), where deemed necessary, are provided in the body of the report, 
and all other supplementary data is supplied in Appendices E to H. 
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5.4.1 100% Peak Load 
5.4.1.1 4% Voltage Droop 
Steady state voltage levels, voltage changes, and tap changes (where applicable) at all buses 
(including at Terminal - the node that connects directly with the wind farm) are summarised in 
Tables 15, 16 and 17.  
 
Table 15 Steady state voltage data for first and second steps (4% Voltage Droop / 100% Peak Load) 
(Note: Controlled voltage is coloured blue; whilst reactive value measured at ICG coloured 
green) 
After the wind farm was connected (step 2), steady state voltage levels increased along the 
rural feeder, with the value at the controlled busbar increasing to 1.0037 p.u. (+2.2% voltage 
droop from 0.9817 p.u. voltage setpoint). The ICG would absorb 0.21Mvar from the network. 
Similar to PF control mode, there are several voltage changes (coloured red) that would 
exceed the 2% limit of clause 3.6.8 (c) of the ‘Technical Rules for the South West 
Interconnected Network’ (Power Quality and Voltage Change) [41]. These voltage changes 
highlight an undesirable outcome, and indicate that a 4% droop setting is unsatisfactory for 
this peak load.    
The percentage error between the voltage setpoint and recorded value at the point of 
connection would be 2.24% (calculated: Absolute[(Voltagemeasured – Voltagesetpoint)/Voltagesetpoint 
x 100), whilst the reactive power output constitutes 21.68% of the reactive power capability of 
the generator (calculated: Reactive_Powermeasured/Reactive_Powercapacity x 100).  
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Both of these results are inconsistent with the requirements of Table 3.2 of the ‘Technical 
Rules for the South West Interconnected Network’ [41]. However, as mentioned in the 
Method section of this chapter (5.3), non-compliance by several other small generating units 
has been allowed elsewhere in the SWIN, suggesting that non-compliance by the proposed ICG 
might be accepted by negotiation with the NSP.  
For the remainder of this section of the chapter, it is assumed that all simulations will result in 
non-compliance with the requirements of Table 3.2 of the ‘Technical Rules...’ [41]. Therefore, 
no further additional comments will be made on the requirements, unless there are instances 
of compliance.     
 
Table 16 Steady state voltage data for third and fourth steps (4% Voltage Droop / 100% Peak Load) 
(Note: Controlled voltage is coloured blue; whilst reactive value measured at ICG coloured 
green) 
Step 3, as shown in Table 16, causes the tap position at voltage regulator 2 to step down to 
position 19 (-2). The tap adjustments settle the steady state voltage levels, with the value at 
the point of connection reducing to 0.9945 p.u. The ICG absorbs 0.1Mvar from the network. 
In the event of wind farm disconnection (step 4), some voltage levels would fall below the 
original voltage levels at steady state (step 1), which is an undesirable outcome, despite all 
values remaining within the desirable 0.90-1.10 p.u range [41].  
As with the results for the first two steps, there are several voltage changes (highlighted red) 
that exceed the 2% limit [41]. Again, this would be an undesirable outcome and further 
indicate that the 4% droop setting is unsatisfactory for this peak load.  
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Table 17 Steady state voltage data for fifth step (4% Voltage Droop / 100% Peak Load) 
Step 5 (Table 17) causes the automatic adjustment of voltage regulator 2 to return the tap 
position to that present after step 1. The voltage levels return to the steady state values 
present after step 1. 
Figure 15 highlights the voltage levels and changes for the 100% peak load / 4% voltage droop. 
 
Figure 15 Voltage levels and changes at 4% Voltage Droop / 100% Peak Load 
(Note: Lines for steps 1 and 5 overlap) 
The chart highlights the voltage level at the point of connection overshooting the voltage 
setpoint (step 2) then settling towards the desired voltage setpoint after automatic tap 
adjustment (step 3).  
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In the event of instantaneous wind farm disconnection from the network (step 4), the voltage 
levels from bus 5-bus 7 became momentarily lower than the original voltage levels at steady 
state (step 1). 
By way of the voltage changes that exceed the 2% limit [41], it is apparent that the 4% droop 
setting is unsatisfactory for this peak load. 
5.4.1.2 2% Voltage Droop 
The voltage levels and changes for the 100% peak load / 2% voltage droop are shown by Figure 
16. 
 
Figure 16 Voltage levels and changes at 2% Voltage Droop / 100% Peak Load 
(Note: Lines for steps 1 and 5 overlap) 
As can be seen, the results are a more compressed version of the results for 4% voltage droop, 
with voltage levels from bus 5 to bus 7 again becoming momentarily lower (step 4) than the 
original voltage levels at steady state (step 1).  
Voltage levels at the controlled busbar were 0.9966 p.u. (+1.49% voltage droop) (step 2) and 
0.9935 p.u. (+1.18% voltage droop) (step 3), whilst the generator absorbs 0.31Mvar (step 2) 
and 0.23Mvar (step 3).  
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Step 3 caused the tap position at voltage regulator 2 to step down to position 20 (-1), while 
step 5 caused the automatic adjustment of voltage regulator 2 to return the tap position to 
that present after step 1. The voltage levels returned to the steady state values present after 
step 1. 
Some voltage changes greater than the 2% limit [41] persist (in particular after wind farm 
disconnection - step 4), although the number of discrepancies was less, along with the 
magnitudes of the voltage changes being lower. Despite this, it is considered that the voltage 
changes that exceed the limit indicate that a 2% droop setting is unsatisfactory for this peak 
load. 
5.4.1.3 1% Voltage Droop 
Figure 17 highlights the voltage levels and changes for the 100% peak load / 1% voltage droop. 
 
Figure 17 Voltage levels and changes at 1% Voltage Droop / 100% Peak Load 
(Note: Lines for steps 1, 4 and 5 overlap; and lines for steps 2 and 3 also overlap) 
Again, the results are a more compressed version of the results for 4% and 2% droop. 
However, in this instance, no voltage changes greater than the 2% limit [41] were recorded. 
Therefore, it is considered that a 1% droop setting is satisfactory for this peak load. 
 
45 
 
Voltage levels at the controlled busbar were 0.9908 p.u. (+0.91% voltage droop) (steps 2 and 
3), with the ICG absorbing 0.38Mvar (steps 2 and 3), which indicates that the droop setting for 
this peak load can be reduced further (i.e. further reactive power capacity before reaching the 
artificial buffer of ± 0.43Mvar).   
No automatic tap changes occurred as a result of step 3 or step 5, meaning that under these 
operating conditions the voltage regulators would degrade no quicker than if the status quo 
was retained. As already mentioned when assessing PF control mode, the fact that the voltage 
regulators would degrade no quicker is a positive from a NSP perspective, as it means 
negligible additional maintenance costs, nor early replacement costs. 
5.4.1.4 0.48% Voltage Droop 
Figure 18 highlights the voltage levels and changes for the 100% peak load / 0.48% voltage 
droop. 
 
Figure 18 Voltage levels and changes at 0.48% Voltage Droop / 100% peak load 
(Note: Lines for steps 1, 4 and 5 overlap; and lines for steps 2 and 3 also overlap) 
The 0.48% voltage droop produces further reduced voltage changes, as well as the closest 
voltage value to the voltage setpoint at the point of connection, indicating tight voltage 
control. It is considered that a 0.48% droop setting is also satisfactory for this peak load. 
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Voltage levels at the controlled busbar were 0.9866 p.u. (+0.49% voltage droop) in steps 2 and 
3, whereas the ICG absorbs 0.43Mvar (steps 2 and 3). The artificial reactive limit has been 
reached, and no more droop settings will be tested for this peak load.     
Again, no automatic tap changes occurred as a result of step 3 or step 5. 
5.4.2 80% Peak Load 
5.4.2.1 4% Voltage Droop 
The voltage levels and changes for the 80% peak load / 4% voltage droop are shown by Figure 
19. 
 
Figure 19 Voltage levels and changes at 4% Voltage Droop / 80% Peak Load 
The results are a compressed version of those recorded for 4% droop at 100% peak load, with 
voltage levels from bus 3 to bus 7 becoming momentarily lower (step 4), than the original 
voltage levels at steady state (step 1). 
Voltage levels at the controlled busbar were 1.0087 p.u. (+2.70% voltage droop) (step 2), and 
0.9940 p.u. (+1.23% voltage droop) (step 3). The generator absorbs 0.28Mvar (step 2) and 
0.10Mvar (step 3).  
Step 3 caused the tap position at voltage regulator 1 to step down to position 8 (-1), and to 
position 17 (-1) at voltage regulator 2, while step 5 caused the tap position at voltage regulator 
1 to step up to position 9 (+1) and to position 19 (+2) at voltage regulator 2.  
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The tap position for voltage regulator 2 at step 5 is inconsistent with step 1. The tap changes as 
a result of step 5 are a result of an automated sequence required for voltage levels at both 
regulators to fall within the specified bandwidth range outlined in Chapter 3 (3.6 Voltage 
Regulators). Overall, this outcome is not problematic, especially as the final voltage levels 
would be stronger than those recorded for step 1. 
Some voltage changes greater than the 2% limit [41] resulted (in particular after wind farm 
disconnection - step 4). These voltage changes highlight an undesirable outcome, and indicate 
that a 4% droop setting is unsatisfactory for this peak load. 
5.4.2.2 2% Voltage Droop 
Figure 20 shows the voltage levels and changes for the 80% peak load / 2% voltage droop: 
 
Figure 20 Voltage levels and changes at 2% Voltage Droop / 80% Peak Load 
(Note: Lines for steps 1, 4 and 5 overlap; and lines for steps 2 and 3 also overlap) 
As can be seen, the results are a more compressed version of the results for 4% voltage droop 
(80% peak load). In this instance, no voltage changes greater than the 2% limit [41] were 
observed. Therefore, it is noted that a 2% droop setting is satisfactory for this peak load; 
although the results for 100% peak load (see section 5.4.1.2) indicate that a 2% droop setting 
could not be applied universally with satisfactory outcomes (i.e. voltage changes greater than 
the 2% limit).  
48 
 
Voltage levels at the controlled busbar were 1.0004 p.u. (+1.87% voltage droop) (steps 2 and 
3) and the ICG absorbs 0.40Mvar (steps 2 and 3). 
Again, no automatic tap changes occurred as a result of step 3 or step 5. 
5.4.2.3 1.56% Voltage Droop  
Figure 21 highlights the voltage levels and changes for the 80% peak load / 1.56% voltage 
droop. 
 
Figure 21 Voltage levels and changes at 2% Voltage Droop / 80% Peak Load 
(Note: Lines for steps 1, 4 and 5 overlap; and lines for steps 2 and 3 also overlap) 
The 1.56% voltage droop produces further reduced voltage changes, as well as the closest 
voltage value to the voltage setpoint for this peak load.  
Voltage levels at the controlled busbar were 0.9976 p.u. (+1.59% voltage droop) at steps 2 and 
3. The generator absorbs 0.43Mvar (steps 2 and 3), reaching the artificial reactive limit (i.e. no 
more droop settings will be tested for this peak load).   
Again, no automatic tap changes occurred as a result of step 3 or step 5.   
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As voltage settings are applied universally, a simulation with 1.56% voltage droop would need 
to be carried for the 100% peak load, to establish whether any voltage changes greater than 
the 2% limit would result. However, rather than go back to perform this simulation now, droop 
settings for 30% and 115% peak loads will be looked at first (in case the voltage droop value 
increases further). 
5.4.3 30% Peak Load 
5.4.3.1 4% Voltage Droop 
Figure 22 illustrates the voltage levels and changes for the 30% peak load / 4% voltage droop. 
 
Figure 22 Voltage levels and changes at 4% Voltage Droop / 30% Peak Load 
(Note: Lines for steps 1, 4 and 5 overlap; and lines for steps 2 and 3 also overlap) 
No voltage changes greater than the 2% limit [41] were observed. Voltage levels at the 
controlled busbar were 1.0233 p.u. (+4.16% voltage droop) (steps 2 and 3), whereas the ICG 
absorbs 0.45Mvar (steps 2 and 3).  
The absorbed reactive power value exceeds the artificial reactive limit outlined in the Method 
section of this chapter (5.3), in place to prevent reactive power saturation and loss of voltage 
control.  
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Theoretically, a larger voltage droop is required at 30% peak load, to ensure the voltage 
control remains within the bounds set. However, an argument could be made for operating 
the generator at 4% voltage droop, as a 30% peak load is likely to occur infrequently (e.g. 
overnight, when the wind farm is unlikely to be operating at full power). The ICG would 
operate almost at maximum capacity for short periods when the peak load is 30%, but would 
likely fall within the bounds set with a small increase in peak load.  
Furthermore, at 30% peak load the initial voltage value at the ideal generator (i.e. power 
station) would probably be set lower than 1.04 p.u. and potentially lower than the nominal 
voltage value of 1.00 p.u. (provided tap limits are not reached). This change would be 
implemented to ensure a recorded value at the point of connection closer to the assigned 
voltage setpoint, whilst also potentially reducing the reactive power loading on the inverter-
coupled WTG.  
However, for the purposes of this exercise, no further droop settings need be tested for this 
peak load. Recalling, that a droop setting is universally applied across all peak loads, the 4% 
droop results for 100% and 80% peak load were unsatisfactory, by way of voltage changes that 
exceeded the 2% limit. Therefore, the recorded results indicate that voltage control would not 
be a satisfactory control strategy for the developed model. However, to be thorough, a 4% 
droop analysis for the 115% peak load is provided.     
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5.4.4 115% Peak Load 
5.4.4.1 4% Voltage Droop 
Figure 23 highlights the voltage levels and changes for the 115% peak load / 4% voltage droop. 
 
Figure 23 Voltage levels and changes at 4% Voltage Droop / 115% Peak Load / 4% droop 
(Note: Lines for steps 1 and 5 overlap) 
The results are an exaggerated version of the results for 100% peak load, with voltage levels 
from bus 3 to bus 7 becoming momentarily lower (step 4) than the original voltage levels at 
steady state (step 1). In the event of wind farm disconnection (step 4), some voltage values 
drop significantly, with the values at bus 7 reaching the -10% (of nominal voltage) threshold 
[41]. After automatic tap adjustment (step 5) the values correct to those recorded initially 
(step 1).    
Voltage levels at the controlled busbar were 1.0093 p.u. (+2.76% voltage droop) (step 2) and 
0.9758 p.u. (-0.59% voltage droop) (step 3). The ICG absorbs 0.28Mvar (step 2) and supplies 
0.12Mvar (step 3) respectively. 
There are several voltage changes that would significantly exceed the 2% limit [41]. These 
voltage changes highlight an undesirable outcome, and indicate that a 4% droop setting is 
unsatisfactory for this peak load.   
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5.5 Discussion 
Table 18 summarises the voltage droops tested for each of the peak loads, with results that 
operate within the defined reactive power range (i.e. -0.43Mvar ≤ Q ≤ +0.43Mvar). 
 
Table 18 Summary of voltage droops tested 
On balance, it would appear that a voltage droop of 4% would be universally applied across all 
of the peak loads, where the ICG would continuously operate within its full reactive power 
range. At 30% peak load, the ICG would operate almost at maximum reactive capacity for short 
periods (e.g. overnight, when wind farm likely to not be operating at full power), before falling 
within the bounds set with a small increase in peak load. 
A 4% voltage droop would result in relatively soft voltage control at the point of connection, 
with result ranges being variable. Furthermore, as voltage droop settings cannot easily be 
applied from load-to-load, the results of the simulations indicate that the full reactive power 
capability of the generator would not be exploited, as peak load increases. This outcome 
represents an inefficiency of voltage control.   
As already stated in the Results section of this chapter (5.4), operating at 4% voltage droop 
gives rise to voltage changes that exceed the 2% limit [41], at three of the four peak loads 
assessed (100%, 80% and 115%). This outcome is unsatisfactory, and indicates that voltage 
control is not a satisfactory control strategy for the developed model.  
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6 Recommendations for further work 
6.1 WindFree Voltage Control Simulations and Analysis 
WindFree Voltage Control is an extension of the voltage control strategy outlined in Chapter 5 
of this report. WindFree Voltage Control offers reactive power support to an electrical grid, in 
no wind conditions (i.e. when there is no real power output). GE Energy offers this optional 
add-on (software program) with their inverter-coupled WTGs [55].   
Figure 24 displays the WindFree Voltage Control relationship, for the considered 1MW 
inverter-coupled WTG. 
 
Figure 24 Relationship between real and reactive power in WindFree voltage control mode 
The reactive power range varies within the shaded area, perpendicular to the real power 
value. Whether the WTG is producing 1MW or 0MW of real power, the reactive power range 
remains the same (i.e. between ± 0.484Mvar). 
WindFree Voltage Control simulations can be performed utilising DIgSILENT PowerFactory, 
including intermediate steps that consider full reactive power range and zero real power 
output. Using the developed model, simulations incorporating the following steps could be 
performed to conduct WindFree Voltage Control analysis: 
  
54 
 
1. Wind farm disconnected - at steady state after automatic tap adjustment of voltage 
regulators  
2. Wind farm connected - zero real power and full reactive power range prior to 
automatic tap adjustment of voltage regulators 
3. Wind farm connected - zero real power and full reactive power range after 
automatic tap adjustment of voltage regulators 
4. Wind farm connected - full real power and reactive power range prior to automatic 
tap adjustment of voltage regulators 
5. Wind farm connected - full real power and reactive power range after automatic tap 
adjustment of voltage regulators 
6. Wind farm connected - zero real power and full reactive power range prior to 
automatic tap adjustment of voltage regulators 
7. Wind farm connected - zero real and full reactive power range after automatic tap 
adjustment of voltage regulators  
8. Wind farm disconnected - prior to automatic tap adjustment of voltage regulators 
9. Wind farm disconnected - at steady state after automatic tap adjustment of voltage 
regulators 
Some preliminary WindFree Voltage Control simulations were performed as part of this thesis 
project. However a detailed assessment and analysis of the results has not been conducted. It 
would be interesting for this further work to be conducted to establish whether this extension 
of the voltage control strategy (implemented in Chapter 5), can eliminate the voltage changes 
greater than the 2% limit [41], as well as allow for lower droop values, resulting in tighter 
voltage control.       
6.2 Adjust Voltage Regulator Settings 
In conjunction with the WindFree Voltage Control Simulations, tap position adjustments - 
particularly at voltage regulator 2 - should be considered in an attempt to optimise the voltage 
control of the network (potentially allowing for lower droop values), and to keep the WTG 
inverter out of reactive saturation.  
Further to this, the voltage regulator limits could be recalibrated “closer to the middle of the 
tolerance band” [52], and/or more reactive power support could be accommodated in the 
developed model (e.g. inclusion of STATCOM). However, in implementing these strategies, 
care must be taken to ensure that the model remains functional.  
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6.3 Harmonics Study  
A comprehensive literature review should be conducted to understand the impacts of 
harmonic emissions generated by an inverter-coupled WTG connecting with a weak rural 
feeder. Harmonic emission calculations could also be incorporated in any further work.  
Furthermore, DIgSILENT PowerFactory advertises a harmonic load flow analysis option, which 
could be investigated and incorporated in any future harmonics study. 
6.4 Voltage Flicker Study 
A comprehensive literature review should be conducted to understand the impacts of voltage 
flicker generated by an inverter-coupled WTG connecting with a weak rural feeder. Voltage 
flicker calculations could also be incorporated in any further work. 
6.5 Dynamic System Analysis 
A comprehensive system analysis should be performed investigating the impacts of dynamic 
events on the integration of the inverter-coupled WTG with the developed weak rural feeder. 
This work would most likely require knowledge of dynamic system modelling, and discrete and 
continuous functions.  
6.6 Consideration of other wind generation technologies 
The impact of other types of wind generation technologies (fixed or variable speed) integrating 
with the developed weak rural feeder should be investigated and analysed.  
A comprehensive literature review should also be conducted to understand the key differences 
of some - if not all -emerging wind generation technologies. Where possible an analysis of how 
well the emerging wind generation technologies would integrate with the developed weak 
rural feeder could be performed.    
6.7 DPL Script 
Utilising DPL Script - the programming language of DIgSILENT PowerFactory - design a program 
that performs various control simulations concurrently (e.g. varying system voltage, voltage 
regulator tap positions, peak loads, power outputs and droop settings, etc.).   
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7 Conclusion 
Weak rural feeders introduce significant integration challenges for embedded generation 
sources, such as a WTG. Integration challenges include low and variable voltages (e.g. 
undervoltage, overvoltage, and voltage drop/rise), sometimes resulting in line 
outages/interruptions. These effects are brought about by large line power losses and high 
source impedance in the feeder.   
As such, care must be taken to select the most suitable wind generation technology, its 
configuration, and control strategy to best integrate with the respective electrical grid [2]. This 
is not necessarily a straightforward process, but correct selection can potentially result in 
improved and stabilised voltage levels within the feeder [9]. 
There are numerous wind generation topologies/configurations to select from, so an 
understanding of the strengths and weaknesses of the various WTG designs and 
configurations, and how they integrate with a network, is important. As peak loads continue to 
increase, and NSPs seek more certainty from embedded generation sources, smarter solutions 
that support an electrical grid in a controllable manner are required. 
It is generally accepted that variable speed turbines, such as an inverter-coupled WTG, 
improve support to an electrical grid [1], compared to fixed speed generators. The inverter 
control system within an ICG decouples the wind turbine/farm from the electrical grid. This 
enables the wind turbine/farm to adapt to varying wind conditions to optimise energy harvest 
of the wind resource, without direct undue disturbance of the electrical grid [2].   
ICGs offer fully controlled interaction and integration with the electrical grid [3]. Several 
control strategy options exist - like PF control and voltage control - for connecting to the 
electrical grid [17], allowing for flexible and efficient operation [4].  
There are many positive aspects of a wind turbine/farm that incorporates an ICG, most of 
which are attractive characteristics for providing support to a weak rural feeder - hence their 
use in several small wind farms in WA. 
To observe the projected effects of connecting an inverter-coupled WTG to a weak rural 
feeder (inspired by the Geraldton-to-Kalbarri feeder), a model was developed using DIgSILENT 
PowerFactory, and control simulations and analysis performed. The developed model included 
several peak loads (100%, 80%, 30% and 115%) and two voltage regulators, whilst wind farm 
specifications and settings were incorporated. PF control and voltage control strategies were 
investigated. 
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Key observations from the PF control simulations and analysis were: 
1. 0.9 absorbing PF produces a more stable voltage profile, whereas unity PF and 0.9 
supplying PF produce more volatile voltage profiles; 
2. Unity PF and 0.9 supplying PF simulations produced numerous voltage changes that 
significantly exceeded the 2% limit of clause 3.6.8 (c) of the ‘Technical Rules for the 
South West Interconnected Network’ (Power Quality and Voltage Change) [41], 
representing an undesirable outcome of integrating with the developed model; and 
3. 0.9 absorbing PF control results in minimal additional automatic tap adjustments, 
meaning negligible additional maintenance costs, nor early replacement costs being 
incurred by the NSP.   
As such, it is considered that integration with the electrical grid, with the wind farm operating 
at 0.9 absorbing PF, would be favourable given the conditions of the developed model. That 
the simulations carried out exceed the minimum requirements of figure 3.3 of the ‘Technical 
Rules for the South West Interconnected Network’ (Inverter coupled generating unit or 
converter coupled generating unit) [41], strengthens this conclusion, indicating satisfactory 
compliance with the minimum local South-Western Australia standard. 
Unity PF can occasionally result in an acceptable voltage impact with an electrical grid (e.g. Mt 
Barker Community Windfarm, which is located in close proximity to Mt Barker substation), 
however, not in this instance. Supplying PF control is not generally adopted when an 
embedded generation source integrates with a feeder, because voltage changes will always be 
larger when compared to absorbing PF control and unity PF control.   
Operating with absorbing PF can lead to potential NSP charges or financial obligation, in order 
to offset the impact of consistent absorption of reactive power from the network [48].   
Key observations from the voltage control simulations and analysis were:  
1. A voltage droop of 4% would prevent full reactive power saturation for all peak loads 
considered; 
2. A voltage droop of 4% would result in relatively soft voltage control at the point of 
connection, giving rise to voltage changes that exceed the 2% limit [41], at three of the 
four peak loads (100%, 80% and 115%); and  
3. The full reactive power capability of the generator would not be exploited, as peak 
load increases (i.e. larger voltage droop values to incorporate all peak load values 
result in smaller reactive power values at lower peak loads).   
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Outcomes 2 and 3 are unsatisfactory and indicate that voltage control is not a satisfactory 
control strategy for the developed model. 
For the larger peak loads, the voltage regulators became passive as the voltage droop 
percentages decreased. Voltage levels at the voltage regulators fell within the defined 
bandwidth, resulting in no further need for automatic tap adjustments - despite there being 
scope to adjust the voltage regulators tolerance band [54].  
This outcome suggests that as the voltage droop percentage decreases the WTG plays the 
dominant role in controlling voltage at the point of connection, with the voltage regulators 
playing a lesser role (i.e. fewer tap adjustments).    
The lack of automatic tap adjustment potentially prevents optimal voltage control at the point 
of connection. As such, tap position adjustment(s) - particularly at the closest upstream 
voltage regulator - should be considered in an attempt to optimise the voltage control of the 
network and to keep the WTG inverter out of saturation.   
Further to this, the voltage regulator limits could be recalibrated [54] and/or more reactive 
power support could be accommodated in the developed model (e.g. WindFree Voltage 
Control, inclusion of STATCOM). However, in implementing these strategies, care must be 
taken to ensure that the model remains functional (i.e. control remains stable). 
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9 Appendices 
Appendix A: Variation in Voltage 
i. Derivation of variation in voltage formula 
Consider the following distribution line (adapted from [43]) where E = sending end voltage, V = 
receiving end voltage, P = step change in real power from the embedded generator, Q = step 
change in reactive power from the embedded generator, R = resistance of the line and jX = 
reactance of the line:  
 
Figure 25 Sample distribution line with key components for calculating variations in voltage 
Now consider the following phasor diagram (also adapted from [43]) for the distribution line 
where I is the current flowing along the line: 
 
Figure 26 Phasor diagram for sample distribution line 
As V + ΔVP, ΔVQ and E forms a right-hand triangle, Pythagoras’ theorem [44] can be utilised 
(extracted from [43]: 
E2 = (V + ΔVP)
2 + ΔVQ
2 
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This simplifies to: 
E2 = (V + 
  
 
 + 
  
 
)2 + (
  
 
 - 
  
 
)2 
Meaning: 
ΔVP = 
     
 
 = formula (3) from Chapter 4 
ΔVQ = 
     
 
 = formula (4) from Chapter 4 
ii. Summary of calculations performed 
Given:  
VN = 1.04 p.u.  Sbase = 100MVA  Vbase = 33kV  Pload = 1MW 
Q = 0Mvar (Unity), +0.484Mvar (0.9 supplying PF) and -0.484Mvar (0.9 absorbing PF) 
Rseries = line resistance from sending end of feeder to point of connection = 3.151 p.u. 
(extracted from Table 5) 
Xseries = line reactance from sending end of feeder to point of connection = 5.203 p.u. 
(extracted from Table 5 and incorporates 0.1 p.u. values for both voltage regulators) 
Unknown: 
P, Q and ∆V (for Unity PF, 0.9 Supplying PF and 0.9 Absorbing PF) 
Per-Unit Calculations [57]: 
P = Pload/Sbase  = 1/100 = 0.01pu 
Q = Qload/Sbase = 0/100 = 0 p.u (Unity); = +0.484/100 = + 0.00484 p.u. (0.9 Supplying PF); and       
= 0.484/100 = -0.00484 p.u. (0.9 Absorbing PF)  
Variation in voltage calculations (incorporating formulas (3) and (4) from Chapter 4: 
For Unity PF: ∆VP = 
            
    
 = 0.030 p.u. 
For 0.9 Supplying PF: ∆VP = 
                                 
    
 = 0.055 p.u. 
For 0.9 Absorbing PF: ∆VP = 
                                 
    
 = 0.006 p.u 
For Unity PF: ∆VQ = 
            
    
 = 0.050 p.u. 
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For 0.9 Supplying PF: ∆VQ = 
                                
    
 = 0.035 p.u. 
For 0.9 Absorbing PF: ∆VQ = 
                                  
    
 = 0.065 p.u 
Using Pythagoras’ theorem [44]: 
For Unity PF: V =                        1.009 p.u. 
For 0.9 Supplying PF: V =                       1.032 p.u. 
For 0.9 Absorbing PF: V =                         0.984 p.u 
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Appendix B: Power Factor Control Simulation Methodology 
1. Appendix B should be looked at in conjunction with Appendix I (see attached CD-RW) 
2. The ‘Synchronous Machine’ icon (see red arrow in DIgSILENT PowerFactory screenshot 
below), that represents the wind farm, was selected.  
 
Figure 27 DIgSILENT PowerFactory screenshot relevant to point 2 above 
3. In the load flow tab the ‘Mode of Local Voltage Controller’ was set to ‘Power Factor’ - note 
the ‘Corresponding Bus Type’ is PQ, indicating that PF control is dependent on a fixed ratio 
of active power (P) and reactive power (Q). The active and reactive power values were set 
dependent on what PF was sought - in the below DIgSILENT PowerFactory screenshot the 
1MW/+0.48432Mvar ratio represents a 0.9 supplying PF (calculated: cos(tan-1 
(+0.48432/1))). 
 
Figure 28 DIgSILENT PowerFactory screenshot relevant to point 3 above 
4. Once all load scaling factors were set and voltage regulators calibrated load flows 
simulations were performed for each of the steps (altering voltage regulator tap positions 
where necessary) described in the Method section of Chapter 4.   
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Appendix C: Power Factor Control Supplementary Data 
i. Unity Power Factor 
All data provided in body of report (see section 4.41). 
ii. 0.9 Supplying Power Factor 
All data provided in body of report (see section 4.42). 
iii. 0.9 Absorbing Power Factor 
100% Peak Load 
All data provided in body of report (see pages 4.43). 
80% Peak Load 
Steady state voltage levels, voltage changes, and tap changes (where applicable) at all 
buses (including at Terminal (1)) are summarised in Tables 19, 20 and 21. 
 
Table 19 Steady state data for first and second steps (0.9 Absorbing PF / 80% Peak Load) 
 
Table 20 Steady state data for third and fourth steps (0.9 Absorbing PF / 80% Peak Load) 
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Table 21 Steady state data for fifth step (0.9 Absorbing PF / 80% Peak Load) 
30% Peak Load 
Steady state voltage levels, voltage changes, and tap changes (where applicable) at all 
buses (including at Terminal (1)) are summarised in Tables 22, 23 and 24. 
 
Table 22 Steady state data for first and second steps (0.9 Absorbing PF / 30% Peak Load) 
 
Table 23 Steady state data for third and fourth steps (0.9 Absorbing PF / 30% Peak Load) 
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Table 24 Steady state voltage data for fifth step (0.9 Absorbing PF / 30% Peak Load) 
115% Peak Load 
Steady state voltage levels, voltage changes, and tap changes (where applicable) at all 
buses (including at Terminal (1)) are summarised in Tables 25, 26 and 27. 
 
Table 25 Steady state voltage data for first and second steps (0.9 Absorbing PF / 115% Peak Load) 
 
Table 26 Steady state voltage data for third and fourth steps (0.9 Absorbing PF / 115% Peak Load) 
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Table 27 Steady state voltage data for fifth step (0.9 Absorbing PF / 115% Peak Load) 
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Appendix D: Voltage Control Simulation Methodology 
1. Appendix D should be looked at in conjunction with Appendix J (see attached CD-RW) 
2. The ‘Synchronous Machine’ icon that represents the wind farm was selected.  
3. In the load flow tab the ‘Mode of Local Voltage Controller’ was set to ‘Voltage’ - note the 
‘Corresponding Bus Type’ is PV, indicating that real power and voltage values are 
input/fixed values. The real and reactive power values (including reactive power limits) 
were set consistent with values entered for assessing PF control (i.e. 1MW/ 0.484Mvar), 
whilst voltage setpoint was set to be 0.9817 (determined via trial-and error). Also in the 
load flow tab the ‘External Station Controller’ was selected for editing. 
 
Figure 29 PowerFactory screenshot relevant to point 3 
4. In the load flow tab of the ‘External Station Controller’ the Control Mode was set to 
‘Voltage Control’, the Controlled Busbar (set to ‘Terminal’) and point where Q would be 
measured at (set to ‘Terminal(1)’) were measured, Voltage Setpoint was set to 0.9817, 
Droop was enabled, Rated Reactive Power set to 0.484Mvar, and Droop % entered (shown 
in Figure 30).  
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Figure 30 DIgSILENT PowerFactory screenshot relevant to point 4 
5. Once all load scaling factors were set and voltage regulators calibrated load flows 
simulations were performed for each of the steps (altering voltage regulator tap positions 
where necessary) described in the Method section of Chapter 5. 
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Appendix E: Voltage Control Supplementary Data (100% Peak Load) 
Steady state voltage levels, voltage changes, and tap changes (where applicable) at all buses 
(including at Terminal (1)) are summarised in Tables 28, 29 and 30. 
i. 4% Voltage Droop 
All data provided in body of report (see pages 5.4.1.1). 
ii. 2% Voltage Droop 
 
Table 28 Steady state voltage data for first and second steps (2% Voltage Droop / 100% Peak Load) 
(Note: Controlled voltage is coloured blue; whilst reactive value measured at generator 
coloured green) 
 
Table 29 Steady state voltage data for third and fourth steps (2% Voltage Droop / 100% Peak Load) 
(Note: Controlled voltage is coloured blue; whilst reactive value measured at generator 
coloured green) 
 
Table 30 Steady state voltage data for fifth step (2% Voltage Droop / 100% Peak Load) 
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iii. 1% Voltage Droop 
 
Table 31 Steady state voltage data for first and second steps (1% Voltage Droop / 100% Peak Load) 
(Note: Controlled voltage is coloured blue; whilst reactive value measured at generator 
coloured green) 
 
Table 32 Steady state voltage data for third and fourth steps (1% Voltage Droop / 100% Peak Load) 
(Note: Controlled voltage is coloured blue; whilst reactive value measured at generator 
coloured green) 
 
Table 33 Steady state voltage levels for fifth step (1% Voltage Droop / 100% Peak Load)  
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iv. 0.48% Voltage Droop 
 
Table 34 Steady state voltage data for first and second steps (0.48% Voltage Droop / 100% Peak Load) 
(Note: Controlled voltage is coloured blue; whilst reactive value measured at generator 
coloured green) 
 
Table 35 Steady state voltage data for third and fourth steps (0.48% Voltage Droop / 100% Peak Load) 
(Note: Controlled voltage is coloured blue; whilst reactive value measured at generator 
coloured green) 
 
Table 36 Steady state voltage data for fifth step (0.48% Voltage Droop / 100% Peak Load) 
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Appendix F: Voltage Control Supplementary Data (80%) 
Steady state voltage levels, voltage changes, and tap changes (where applicable) at all buses 
(including at Terminal (1)) are summarised in Tables 37, 38 and 39. 
i. 4% Voltage Droop 
 
Table 37 Steady state voltage data for first and second steps (4% Voltage Droop / 80% Peak Load) 
(Note: Controlled voltage is coloured blue; whilst reactive value measured at generator 
coloured green) 
 
Table 38 Steady state voltage data for third and fourth steps (4% Voltage Droop / 80% Peak Load) 
(Note: Controlled voltage is coloured blue; whilst reactive value measured at generator 
coloured green) 
 
Table 39 Steady state voltage data for fifth step (4% Voltage Droop / 80% Peak Load) 
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ii. 2% Voltage Droop 
 
Table 40 Steady state voltage data for first and second steps (2% Voltage Droop / 80% Peak Load) 
(Note: Controlled voltage is coloured blue; whilst reactive value measured at generator 
coloured green) 
 
Table 41 Steady state voltage data for third and fourth steps (2% Voltage Droop / 80% Peak Load) 
(Note: Controlled voltage is coloured blue; whilst reactive value measured at generator 
coloured green) 
 
Table 42 Steady state voltage data for fifth step (2% Voltage Droop / 80% Peak Load) 
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iii. 1.56% Voltage Droop 
 
Table 43 Steady state voltage data for first and second steps (1.56% Voltage Droop / 80% Peak Load) 
(Note: Controlled voltage is coloured blue; whilst reactive value measured at generator 
coloured green) 
 
Table 44 Steady state voltage data for third and fourth steps (1.56% Voltage Droop / 80% Peak Load) 
(Note: Controlled voltage is coloured blue; whilst reactive value measured at generator 
coloured green) 
 
Table 45 Steady state voltage data for fifth step (1.56% Voltage Droop / 80% Peak Load) 
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Appendix G: Voltage Control Supplementary Data (30%) 
Steady state voltage levels, voltage changes, and tap changes (where applicable) at all buses 
(including at Terminal (1)) are summarised in Tables 46, 47 and 48. 
i. 4% Voltage Droop 
 
Table 46 Steady state voltage data for first and second steps (4% Voltage Droop / 30% Peak Load) 
(Note: Controlled voltage is coloured blue; whilst reactive value measured at generator 
coloured green/highlighted red) 
 
Table 47 Steady state voltage data for third and fourth steps (4% Voltage Droop / 30% Peak Load) 
(Note: Controlled voltage is coloured blue; whilst reactive value measured at generator 
coloured green/highlighted red) 
 
Table 48 Steady state voltage data fifth step (4% Voltage Droop / 30% Peak Load)  
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Appendix H: Voltage Control Supplementary Data (115%) 
Steady state voltage levels, voltage changes, and tap changes (where applicable) at all buses 
(including at Terminal (1)) are summarised in Tables 49, 50 and 51. 
i. 4% Voltage Droop 
 
Table 49 Steady state voltage data for first and second steps (4% Voltage Droop / 115% Peak Load) 
(Note: Controlled voltage is coloured blue; whilst reactive value measured at generator 
coloured green) 
 
Table 50 Steady state voltage data for third and fourth steps (4% Voltage Droop / 115% Peak Load) 
(Note: Controlled voltage is coloured blue; whilst reactive value measured at generator 
coloured green) 
 
Table 51 Steady state voltage data for fifth step (4% Voltage Droop / 115% Peak Load)  
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Appendix I: Power Factor Control DIgSILENT PowerFactory Program 
See attached Murdoch University USB. Appendix I should be looked at in conjunction with 
Appendix B.  
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Appendix J: Voltage Control DIgSILENT PowerFactory Program 
See attached Murdoch University USB. Appendix J should be looked out in conjunction with 
Appendix D.  
 
